Abstract In this study, the size-controlled synthesis of silver nanoparticles (Ag NPs) via chemical reduction method by NaBH 4 as a reducing agent and poly(vinyl pyrrolidone) or PVP as a stabilizing agent is reported. Changing of ratios between reducing agent and stabilizing agent relative to AgNO 3 -optimized conditions for synthesis of stable Ag NPs was studied. The formation of Ag NPs was tracked by UV-Vis spectroscopy, X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and photoluminescence (PL) spectroscopy. Particle size distribution was studied by particle size analyzer, and the morphology was examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The optical properties of the synthesized Ag NPs were also investigated. The optimized Ag NPs were very stable even after 1 month that was due to effective stabilization by PVP molecules. The mechanism of Ag NPs formation and stabilization is discussed in detail.
Introduction
Ag nanoparticle (Ag NPs) is clusters of silver atoms of 1-100 nm at least in one dimension [1, 2] . Owing to their unique physical and chemical properties, they are widely used in various areas of science and technology, such as surface-enhanced Raman spectroscopy [3] , catalysts [4] , anti-bacterial materials [5] , sensors [6] , lubricating materials [7] , and so on, with exponentially increasing production. As the properties of Ag NPs depend on their sizes, up to now, various methods, such as spray pyrolysis synthesis [8] , microwave irradiation synthesis [9] , DC arc thermal plasma synthesis [10] , chemical synthesis [11] , hydrothermal synthesis [12] , UV irradiation synthesis [13] , sonochemical synthesis [14] , laser ablation synthesis [15] , thermal decomposition synthesis [16] , atom beam-sputtering synthesis [17] , and so forth, have been employed to prepare Ag NPs with different sizes and shapes.
Among the various methods for synthesis of Ag NPs, the wet chemical reduction method is the most popular synthesis route, thanks to its simplicity, low cost and ability to produce large quantities of Ag NPs [1] . In a typical chemical reduction process, a reducing agent, such as NaBH 4 [18] , hydrazine [19] , triethanolamine [20] , L-ascorbic acid [21] , glucose [22] , and aniline [11] , and a protective agent, such as poly(vinyl alcohol) (PVA) [23] , poly(vinyl pyrrolidone) (PVP), cellulose [24] , alkanethiols [25] , alkylamines [26] , dodecanethiol [27] , and carboxylicacids [28] , help to obtain Ag NPs with various sizes [29] .
However, almost all of above studies mostly studied the effect of different reducing agents and stabilizing agents on the final morphology of Ag NPs [30, 31] , while the control of particle size using the chemical reduction route is rarely reported. For example, Bastús et al. [32] reported the possibility to synthesize highly monodisperse Ag NPs from 10 to 200 nm by the precise kinetic control of the reaction, in particular the use of two reducing agents, i.e., sodium citrate and tannic acid, the temperature of the solution, and the Ag seeds to Ag precursor ratio. Li et al. [33] reported synthesis of monodisperse, quasi-spherical silver nanocrystals directly in water via adding the aqueous solution of a mixture of AgNO 3 , sodium citrate, and potassium iodide into the boiling aqueous solutions of ascorbic acid. In addition, Liu et al. [34] demonstrated a successful one-step seeded growth route to Ag quasi-nanoparticles of uniform sizes in the range of 19-140 nm, by carefully tune the kinetics of the seeded growth reaction to an appropriate level by the means of coordinating acetonitrile to an Ag (I) salt and adjusting the reaction temperature.
In this paper, a simple and efficient chemical reduction method was explored to synthesize the size-controlled Ag NPs. The formation of Ag NPs and their electrical and optical properties are investigated and discussed in detail.
Experiment Ag NP synthesis
The starting materials were silver nitrate ([99.9%, AgNO 3 ) sodium borohydride ([98%, NaBH 4 ) and PVP (M.W. [ 1.3 9 10 5 ), purchased from Merck (Germany). All the chemicals were used without further purification, and redistilled water was used to prepare all the solutions. Figure 1 schematically shows the synthesis procedure, which refers to Creighton's method that uses sodium borohydride as the reducing agent [35] . The solutions of PVP and AgNO 3 were prepared separately by dissolving appropriate amounts of AgNO 3 (10 and 25 mM AgNO 3 in 10 ml) and PVP in distilled water and in well-cleaned dry beakers at room temperature. With the aim of preparing stable Ag NPs with different sizes, several PVP (based on the weights of a PVP unit 111) to AgNO 3 ratios (S) were tested to determine the optimal conditions (Table 1) . Then, two solutions were mixed together and stirred for 30 min, at an ice-cold bath. In a separate flask, appropriate amount of NaBH 4 was dissolved in the distilled water at zero temperature. The ratio of NaBH 4 to AgNO 3 (R) was varied to find the best results (Table 1) . Then, reducing agent solution was added to Ag ? -PVP solution dropwise to reduce the Ag ions to Ag NPs. A transparent bright yellow color was observed immediately due to the formation of the silver colloids. The solutions were kept in a dry place study their stabilities over months. In addition, the necessary characterizations were done for successfully synthesized Ag NPs.
Characterization
Characterization of Ag NPs was achieved by different techniques. X-ray diffraction analysis (XRD) was performed using a Philips X-Pert diffractometer operating with monochromatic CuKa (k = 1.54056 Å ) radiation at 40 kV and 30 mA. The XRD pattern was recorded at room temperature at a scan rate 0.05°/s and 2h from 30°to 90°.
Morphological analysis was carried out using scanning electron microscopy (SEM) using a JEOL 5600 LV instrument operating with a 20 kV accelerating voltage. Crystallinity and morphological studies of synthesized powders were performed with a JEOL JEM 2010 electron microscope (LaB 6 electron gun) operating at 200 kV.
X-ray photoelectron spectroscopy (XPS) was employed to determine the composition of Ag NPs. XPS was performed on an ESCALAB MKII X-ray photoelectron spectrometer (VG Instruments, CA, USA), using nonmonochromatized Mg-Ka X-rays as the excitation source. The binding energies for the sample were calibrated by setting the measured binding energy of C1s to 284.60 eV.
The photoluminescence (PL) spectrum of the Ag NPs was measured on a Hitachi F-4500 FL spectrophotometer with an Xe lamp with the excitation wavelength of 355 nm Thermal analysis was carried out on a ''Mettler Toledo'' thermal gravimetric analyzer. Analysis was performed in the presence of N 2 , in the temperature range between 25 and 600°C, with a heating rate of 10°C/min.
Optical absorbance of Ag NPs was recorded with a 1 cm path length quartz cell using a UV-Vis spectrophotometer (Perkin-Elmer Lambda 2 spectrophotometer) as a function of wavelength in the range from 200 to 800 nm with a 1 nm resolution.
Results and discussions Parameters' optimization for the synthesis of Ag NPs
The reduction of Ag ions (Ag ? ) to Ag NPs was roughly monitored by visual inspection of the solution. Solutions of colloidal Ag NPs have distinctive yellow color arising from their tiny dimensions. Since Ag ? does not have any color, therefore, the formation of Ag NPs has been observed by a change in their color. The addition of AgNO 3 solution to distilled water produces a colorless precursor solution. Its UV-Vis spectrum shows a sharp peak at 300 nm ( Fig. 2) , which is associated with Ag ? ions in the solution. This is the first stage of the AgNO 3 reduction reaction, which is dissociated into Ag ? and NO 3 -ions. The borohydrides, such as NaBH 4, are very strong reducing agents, and can reduce most metal salts to elemental metals. The chemical reaction for reduction of AgNO 3 in the presence of NaBH 4 is as follows [36] :
Hydrogen gas is produced by the reduction of silver ions as well as the slow reduction of water by the sodium borohydride at zero temperature:
Cloutier et al. [37] reported that the solutions of NaBH 4 contain certain amount of sodium hydroxide as a result of the NaBH 4 hydrolysis followed by the hydrolysis of sodium metaborate. Furthermore, NaBH 4 hydrolysis rate slows down with time because of the increasing concentration of the sodium hydroxide: 
Therefore, ageing time of NaBH 4 solutions is a crucial problem, so in all cases, before each set of experimental runs, fresh ice-cold NaBH 4 solutions were prepared.
Particle formation in the silver-borohydride system follows three distinct stages. First, upon mixing, the reaction between borohydride and silver occurs rapidly, resulting in the formation of small particles (2-3 nm). In the second stage, these particles grow to achieve sizes of 8-20 nm. In the final stage, the borohydride is consumed by reaction with water. This results in the loss of BH 4 -and the solution passing from a reducing to an oxidizing environment. The resulting changes in pair potential can drive the particle to aggregates [38] .
When sodium borohydride was used for reduction of silver, the reducing reaction was very intense, and in the absence of a protective dispersing agent, the resulting particle sizes would increase as a result of agglomeration effects; therefore, PVP as a surfactant was used to prevent growth of Ag NPs.
A summary of the Ag NPs synthesis experiments performed in this work is listed in Table 1 . Without PVP, all Ag colloids at zero temperature and room temperature were unstable and, therefore, not appropriate for further studies. In addition, Ag NPs prepared with aged NaBH 4 resulted in the formation of unstable colloids that the reason for this is formation of sodium hydroxide according to equations of (4) and (5). However, when PVP was added as stabilizer, it resulted in formation of stable Ag NPs. Zero temperature was chosen for synthesis, because at room temperature, the particles were grown more rapidly, and aggregation took place at a higher rate, resulting in formation of unstable Ag NPs. According to obtained results and based on stability of Ag NPs over time, these parameters were chosen to prepare Ag NPs: concentration of Fig. 3c confirms the crystalline nature of synthesized Ag NPs, and lattice spacing of 0.252 nm can be attributed to the (111) planes of Ag NPs. Figure 4 shows particle size distribution of Ag NPs at fixed R, (0.7) and different values of S. It is worthy to note that the synthesis procedure was very sensitive to change of amount of reducing agent, and in case of R \ 0.7, the reduction of Ag NPs was not completed, and in case of R [ 0.7, the synthesized Ag NPs agglomerated instantly. Therefore, R = 0.7 was chosen for synthesis procedure and amount of S was changed. As it can be seen, in general, with increase of S, particle sizes decrease. In case of Ag NPs with S = 0.5, broad particle size distribution (*30 to 150 nm) was observed, which was due to insufficient capping of PVP on the surfaces of Ag NPs. However, with increase of S to 1.5, particle size distribution was spanned from 10 nm to about 120 nm. The smallest particles were obtained in Ag NPs with S = 3, where particle size distribution was narrow and spanned from 10 to 45 nm. As shown in Fig. 4c , the mean of particles for this sample is *25 which is smaller than other samples. Even though there are some particles with sizes around 10 nm in the samples with S = 3, the relatively smaller particle sizes reported in the literatures [32] [33] [34] , can be related to the use of PVP with different molecular weights as well as use of different reducing agents. To obtain more smaller Ag NPs, higher amount of PVP with different molecular weights (to prevent high viscosity of solution) can be used. When S was above 3, the viscosity of the solution dramatically increased, and thus, S did not increase above 3. The crystallinity of prepared Ag NPs with S = 3 and R = 0.7 was investigated by XRD (Fig. 5) . It is clearly observed that all the diffraction peaks with 2h values of 38.2°, 44.35°, 64.5°, 77.4°, and 81.57°can be indexed as the (111), (200), (220), (311), and (222) crystal planes of the face-centered-cubic (fcc) phase of the silver and no trace of Ag 2 O or AgO was found. Therefore, as-synthesized Ag NPs have high purity, and neither silver compound nor impurity has been intermixed in. At the same time, diffraction peaks indicate good crystallinity of ultrafine silvers. The lattice constant 'a' calculated from the XRD pattern for dried Ag NPs is 4.0845 Å , a value, which is in a close agreement with previously reported data in the literature for silver (a = 4.086 Å , JCPDS 04-0783). The relatively broad peaks indicate the ultrafine average size of products. From the full-width at half-maximum of diffraction peaks, the average crystallite size of Ag NPs has been calculated using Debye-Scherrer equation [39] :
where D is crystal size (Ǻ ), C is the shape factor that was taken equal to 0.94, k is the wavelength of X-ray used (1.5418 Ǻ ), b is full-width at half-maximum (FWHM) in radians, and h is Bragg's diffraction angle for the peak in degrees. The grain size of Ag NPs has been found in the range of *18 nm. Figure 6 shows the TGA curve of PVP-capped Ag NPs with S = 3 and R = 0.7. Very small mass loss before 100°C is due to desorption of adsorbed water on the surface of Ag NPs. The mass loss from 100 to *200°C is attributed to the evaporation of low-molecular weight molecules which were covered Ag NPs. Mass loss observed from *200 to 430°C corresponds to the burning of organic species from capping layer (PVP). Above 460°C, the TGA curve tends to be slowly smooth, reaching an almost constant weight. The total mass loss was about 60%, which confirms that the Ag NPs are coated with PVP.
Stability of Ag NPs
The ability to store chemically synthesized NPs for later use is beneficial to many applications. The stability of Ag NPs was investigated by monitoring the color of the reaction mixture and measuring the absorption spectra. The results obtained indicate that there is no obvious difference in position and symmetry of absorption peak during the initial 7 days (Fig. 7) . After 1 month, the position of the peak has a small shift (from 443 to 448 nm), suggesting the formation of slightly larger particles without any aggregation. Insets (a) and (b) in Fig. 7 show the SEM images, where the particle sizes did not changes in comparison with fresh colloids (Fig. 3d) . Thus, colloidal silver can remain stable at room temperature for as long as several weeks or months. The reason for the stability of the Ag NPs is effective stabilization of Ag NPs due to the presence of PVP. Figure 8 shows stability of Ag NPs during 90 days, where after 90 days, color of Ag NPs was gradually turned into gray, indicating formation of bigger Ag particles and breakdown of stability. As the particles destabilize, the original extinction peak will decrease in intensity (due to the depletion of stable nanoparticles), and the peak will broaden due to the formation of aggregates (Fig. 9) .
High-resolution XPS spectrum of the Ag 3d region presented in Fig. 10 shows two deconvoluted peaks located at 368.08 and 374.08 eV (with a spin-orbit separation of 6.0 eV) that can be attributed to Ag 3d 5/2 and Ag 3d 3/2, respectively [40] . For metal silver, 368.2 eV for Ag 3d5/2 and 374.2 eV for Ag 3d3/2 are reported. These results suggest a strong interaction between the carboxyl oxygen atoms in the PVP chain and Ag NPs. Furthermore, no peak corresponding to Ag 2 O (367.8 eV) or AgO (367.4 eV) is observed in the XPS spectrum of Ag NPs, which indicates that the Ag NPs are all in form of metallic Ag [41] .
A primary purpose of the introducing PVP is to protect the Ag NPs from growing and agglomerating. The structures of the monomer, vinylpyrrolidone, and the repeat unit of PVP are shown in Fig. 11a and b, respectively. According to the literature [42] , the main reason of PVP protecting Ag NPs is N in PVP coordinate with silver and forms the protection layer. The reactions would be like Fig. 11c . PVP preventing the Ag NPs from aggregation is 
Optical studies
Optical absorption spectra of Ag NPs measured as a function of the wavelength of incident photons are shown in Fig. 12 . It seems that samples with S = 0.5 and 1 are not totally converted to Ag NPs, as maximum peak of their adsorption is lower than other samples. In case of Ag NPs with S = 0.5 and S = 1, it seems that there is not enough PVP ? NaBH 4 to complete reduction of silver ions. For samples with S = 1.5, 2, 2.5, and 3, chemical reduction is complete. The absorption maximum is almost the same, with a little shift. These results are consistent with results by Zou et al. [43] , where with the increase of stabilizer amount, the position of maximum absorption wavelength slightly shifted towards red. In the high absorption region (where a [ 10 4 cm -1 ), involving interband optical transitions between valence and conduction bands, the absorption coefficient data as a function of wavelength are, determined using the Tauc formula, given by the following equation [44] :
where B * is the edge width parameter representing the materials' quality and is calculated from the linear part of this relation, hm is the photon energy (=hc/k, where hc is 1239.83 eV), E Opt g is the optical energy gap of the material, and ''m'' is a number which characterized the mechanism of transition process. m = 1/2, 3/2, for direct transition and 
Using equations of (7) and (9), we can plot Fig. 13 . The band gap value (2.54 eV) of Ag NPs is very close to the interband (d to sp) threshold energy of bulk Ag, and the determined n and k values are also close to those of bulk Ag. The bandgap is due to the d to sp interband gap, instead of any quantized energy gap, since there is no quantization in Ag NPs [45] . Figure 14 shows the variations of PL emission Ag NPs (S = 3, R = 0.7) dispersed in water, under excitation wavelength of 355 nm. Apparently, it can be observed that the strongest emission peaks are appeared at around 440 nm. In general, the UV emission band is originated from the direct recombination of the free excitons through an exciton-exciton collision process. In analogy with PL spectra of other noble metals, this PL peak can be assigned to radiative recombination of Fermi-level electrons and spor d-band holes [46] .
Conclusion
In brief, we successfully prepared colloidal Ag NPs stabilized with PVP by a simple chemical reduction route using sodium borohydride as a reducing agent. Different characterization techniques, such as SEM, TEM, XRD, XPS, PSA, UV-Vis, and PL, were used to characterize synthesized Ag NPs. It was found that the average particle size can be controlled with a narrow size distribution by controlling the amount of PVP added. The particles size decreased with increasing PVP concentration. The synthesized NPs were found to be stable for 1 month, so they can be used for a long time after preparation. The sizecontrolled, well-dispersed Ag NPs prepared are capable of being dispersed in water with potential applications in dielectric and biological fields.
